ABSTRACT Mouse erythroleukemia cells were pulse-labeled with [3H]uridine and irradiated with 254-nm light to produce covalent crosslinks between RNA and proteins in close proximity to one another in vivo. Nuclear ribonucleoprotein particles containing heterogeneous nuclear RNA were isolated and digested with nucleases, and the resulting proteins were subjected to gel electrophoresis. Proteins carrying covalently crosslinked [3H]uridine nucleotides were identified by fluorography. The results demonstrate that heterogeneous nuclear RNA is complexed in vivo with a set of six major proteins having molecular weights between 32,500 and 41,500. Analysis of chromatin fractions indicates that nascent heterogeneous nuclear RNA chains assemble with these six proteins as a very early post-transcriptional event. These data, and other results [Nevins, J. R. & Darnell, J. E. (1981 ) CeU 15,1477-1493, lead us to propose the usual order of post-transcriptional events to be: heterogeneous nuclear RNA-ribonucleoprotein particle assembly -+ poly(A) addition --splicing.
Over 36 years ago the crystallographer William T. Astbury stated "Biosynthesis is supremely a question of fitting molecules or parts of molecules one against another, and one of the great biological developments of our time is the realization that probably the most fundamental interaction of all is that between the proteins and the nucleic acids. " (p. 70 of ref. 1). The prescience of this view was amply borne out during the next 20 years by the demonstration that all nucleic acids are complexed with proteins in the cell, either stably (e.g., ribosomes) or transiently (e.g., transfer RNA with aminoacyl tRNA synthetases). "Heterogeneous nuclear RNA (hnRNA)" is the term given to eukaryotic RNA polymerase II transcripts and their processed intermediates. Like most other species of cellular RNA, hnRNA is thought to be complexed with proteins (2) . hnRNA can be isolated in association with nuclear particles (3, 4) , and ultrastructural analysis of spread chromatin also demonstrates that nascent hnRNA is complexed with protein (5-7).
The cell fractionation and ultrastructural approaches have their respective advantages and disadvantages. The biochemical isolation of hnRNA-ribonucleoprotein complexes permits identification of the associated proteins but, like all cell fractionation studies, does not address the in vivo authenticity of these particles. Conversely, the ultrastructural data provide compelling evidence that hnRNA has a ribonucleoprotein structure in vivo but do not identify the proteins or their mode of interaction with the RNA. A recent attempt (8) to resolve these questions exploited UV light to catalyze RNA-protein crosslink formation in nuclear ribonucleoprotein in vivo.
In the present study we applied this method to identify the particular proteins with which hnRNA is in contact in living cells and to probe the immediacy of ribonucleoprotein formation after hnRNA transcription.
EXPERIMENTAL PROCEDURES
Mouse erythroleukemia cells were cultured as described by Pederson and Davis (9) . The procedures used for pulse labeling hnRNA with [3Hjuridine, RNA-protein crosslinking in vivo, and hnRNA-ribonucleoprotein particle (hnRNP) isolation have been published in detail (4, (8) (9) (10) . All of the crosslinking experiments reported here involved irradiation of cell suspensions (107/ml) in a stainless steel Petri dish for 15 min (40C) at 3.6 X 105 ergs/ mm2 (1 erg = 0.1 .J). The 254-nm light source has been described (8) . The concentration of [3H]uridine used for pulse labeling hnRNA was 0.2 mCi/ml (1 Ci = 3.7 X 1010 Bq). Chromatin was isolated by the method of Bhorjee and Pederson (11, 12) . hnRNP particles was concentrated from pooled sucrose gradient fractions by centrifugation (40,000 rpm in a Beckman 60 Ti fixed-angle rotor, 20 hr, 40C). The pelleted hnRNP was dissolved in 0.01 M NaCl/1.5 mM MgCl2/1 mM CaCl2/0.01 M Tris-HCl, pH 7.0, and digested for 1 hr at 370C with pancreatic RNase (25 pg/ml) and micrococcal nuclease (400 units/ml). In some cases, for purposes of comparison, digestion was with RNases Ti (20 pg/ml) and T2 (50 ,g/ml) for 2 hr at 370C. For the experiments with 5,6-dichloro-1-f3-D-ribofuranosylbenzimidazole (DRB), 480 ml of cell suspension (5 x 106/ml) was treated with 3 ml of 20 mM DRB (Calbiochem) in 95% ethanol for 30 min at 370C (final DRB concentration, 125 ,M). A parallel control suspension was incubated with 3 ml of 95% ethanol. Both cell suspensions were then pelleted (600 X g, 5 min), resuspended in 100 ml of the supernatant medium, and incubated for 20 min with actinomycin at 0.08 jig/ml (9) and then for 20 min with [3H]uridine. In all cases the [3H]nucleotide-crosslinked proteins were recovered from the nuclease digestion step by acetone precipitation as described (13) . Electrophoresis was in 11% polyacrylamide gels containing 0.1% sodium dodecyl sulfate, and fluorography was performed with EN3HANCE (New England Nuclear). Fig. 1 illustrates the principle underlying these experiments. Cells were pulse labeled with [3H]uridine under conditions specific for hnRNA. The cells were irradiated with 254-nm light to catalyze covalent bond formation between RNA and closely associated proteins as described (8) . hnRNP then were purified from isolated nuclei (4, 9) and digested with nucleases. The resulting proteins were subjected to gel electrophoresis, and those Abbreviations: hnRNA, heterogeneous nuclear RNA; DRB, 5,6-dichloro-l-,3D-ribofuranosylbenzimidazole; snRNP, small nuclear RNA-ribonucleoprotein particle(s); hnRNP, hnRNA-ribonucleoprotein particle(s).
RESULTS
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U. S. C. §1734 solely to indicate this fact. that were in direct contact with pulse-labeled RNA in situ were identified by virtue of their covalently linked -[3H]uridine nucleotides (13) . This powerful approach was introduced by Moller and Brimacombe (14) in studies of ribosomal RNA-protein contacts. The choice of [ H] uridine as the RNA label in the present experiments was based on the fact that uracil-amino acid covalent adducts are the major photoproducts generated during exposure of RNA-protein complexes to 254-nm light (15) .
Lane 1 of Fig. 2 illustrates the typical result of this procedure when it is applied to mouse erythroleukemia cells. It can be seen that six major proteins are in direct contact with hnRNA in vivo. These have the following estimated Mrs: 41,500, 39,500, 38,300, 36,400, 34,000, and 32,500. These values are similar to those reported for the six "core" hnRNP proteins (16) (17) (18) . In addition to this major sextet, there are three low Mr (13,000-18,000) bands containing crosslinked nucleotides. These are not seen in stained gels of noncrosslinked hnRNP proteins (9, (16) (17) (18) and may represent proteolytic or photodamaged fragments of the major hnRNP core proteins.
The validity of the interpretation of the Mr 32,500-41,500 3H-labeled proteins in lane 1 of Fig. 2 as ones in contact specifically with hnRNA, as opposed to other classes of nuclear RNA, is supported by the following points. (i) Most of the ribosomal RNA precursors are removed with the nucleolar fraction prior to hnRNP particle isolation (2, 4, 19) . (ii) As shown in Fig. 3 , the labeling of the major Mr 32,500-41,500 proteins is unaffected when ribosomal RNA synthesis is selectively blocked by a low concentration of actinomycin (20) . (iii) The labeling of the Mr 32,500-41,500 proteins is completely blocked by exposing the cells to DRB at 125 AM for 30 min prior to [3H]uridine pulse labeling (data not shown). Under these conditions DRB specifically blocks hnRNA transcription by inhibiting initiation or by promoting premature termination (21) (22) (23) (24) . (iv) The duration of the pulse label (20 min) is far too brief to introduce substantial amounts of 3H into the small nuclear RNAs, which have halflives on the order of several days in growing mammalian cells (25, 26) . (v) The six major proteins in Fig. 2 (Mr 32,500-41,500) are larger than the proteins associated with small nuclear RNA (27, 28) .
The hnRNP analyzed in lane 1 of Fig. 2 represent a nucleoplasmic fraction. Small amounts of hnRNP proteins are also present in purified chromatin (12) , as expected from the presence of nascent hnRNA chains (29) . To examine the immediacy with which nascent hnRNA transcripts are packaged into hnRNP and to define the most transcription-proximal proteins assembling into hnRNP, the proteins crosslinked to hnRNA were analyzed in purified chromatin (12) . As shown in lane 2 of Fig. 2 One of the major aspects of hnRNP structure left unresolved in previous studies is the significance of proteins larger than the main Mr 32,500-41,500 group. Although proteins of Mr 50,000-100,000 are observed reproducibly in the purest hnRNP fractions available (4, (16) (17) (18) , up to now the possibility has always existed that these proteins were contaminants. The [3H]uridine crosslinking approach lends itself ideally to a resolution of this important issue. Fig. 4 shows long autoradiographic exposures of the standard nucleoplasmic hnRNP protein display gels from two separate experiments after crosslinking of [3H]uridine pulselabeled cells in vivo. The major Mr 32,500-41,500 proteins are deliberately overexposed. Several high Mr bands are now apparent, and these are labeled 1-8 in Fig. 4 only for description. Note the close agreement of these proteins in the two experiments. These results establish that several proteins in the Mr 50,000-100,000 range are authentic components of hnRNP, by the criterion of RNA-protein crosslinking in vivo.
DISCUSSION
The central point established by these results is that hnRNA is complexed in vivo with a set of nuclear proteins in which a sextet of Mr 32,500-41,500 components predominates. In contrast to conclusions of previous studies, this conclusion does not rely merely on an assessment of the proteins that copurify with hnRNA during nuclear fractionation. Instead, we have exploited the ability of 254-nm light to penetrate living cells as a reporter probe to mark proteins that are in direct contact with hnRNA in vivo (8) , by virtue of covalent photoadducts formed between such proteins and radiolabeled nucleotides in the hnRNA. A set of proteins complexed with HeLa cell hnRNA by the criterion of RNAprotein crosslinking, which included the six Mr 32,500-41,500 molecular weight components defined in the present investigation, has been described (30) . However, the previous study involved analysis of [asS]methionine-labeled proteins copurifying with hnRNA on oligo(dT)-cellulose. These results therefore reflected only the proteins associated with those hnRNA molecules that contain poly(A), which represent a minority of the total hnRNA in mammalian cells (31) (32) (33) . In contrast, the [3H]nucleotide crosslinking approach used in the present investigation defines the proteins complexed with total hnRNA.
It has recently been reported from another laboratory (34) that only the two largest proteins of the sextet are associated with hnRNA in vivo by the criterion of RNA-protein crosslinking. However, these investigators did not analyze purified hnRNP particles as in the present study but instead used a "nuclear matrix" fraction, the preparation of which involves rather drastic conditions including high concentrations of DNase and high ionic strength. It is possible that these procedures generate artifacts (e.g., refs. 35 and 36) . Moreover, in the [3H]nucleotide crosslinking method, the potential for underestimating the number of hnRNP proteins is clearly much greater than that for overestimation. Hence, we suspect that the results of that group (34) reflect the use of a "nuclear matrix" fraction rather than the welldefined hnRNP particles used in the present study, or perhaps less efficient crosslinking conditions.
The immediacy with which nascent hnRNA transcripts combine with protein was first demonstrated in ultrastructural studies of spread chromatin by Miller and Bakken (5). Our results with purified chromatin extend these electron microscopic observations and identify the major sextet of M, 32,500-42,500 hnRNP proteins as ones associating rapidly with nascent hnRNA. Poly(A) addition normally precedes splicing (37) and, for this reason, splicing cannot occur on nascent hnRNA chains. It follows then that the association of the Mr 32,500-42,500 protein sextet with hnRNA precedes both polyadenylylation and splicing. This consideration and the ultrastructural evidence (5-7) mark hnRNP assembly as one of the earliest post-transcriptional events known for hnRNA.
Like hnRNA, the small nuclear RNAs (38) are associated with proteins in the cell (39) (40) (41) . The small nuclear RNA-associated proteins (snRNP) are distinct from the major hnRNP proteins in molecular weight (27, 28) . The fact that they are not among the major proteins in contact with hnRNA ( Fig. 2) argues against previous suggestions that the snRNP are an integral part of hnRNP structure. Rather, the available evidence indicates that the interaction of snRNP with hnRNA is transient (42, 43) , which is more suggestive of a catalytic (44, 45) than a structural role.
The six major proteins that we find in contact with hnRNA in vivo correspond to the previously described hnRNP "core" proteins (16) (17) (18) . These six proteins also interact with one another through protein-protein contacts (17, 46) and can be released from hnRNA by high ionic strength conditions as heterotypic protein-protein oligomers (46, 47) . Thus, these proteins apparently interact with hnRNA as a preassembled unit, not as individual proteins free in solution. Our results now demonstrate that all six of the major proteins in these particles form direct contacts with hnRNA. This is entirely compatible with the model of hnRNP proposed originally by Georgiev and colleagues (3), in which the hnRNA is folded around the exterior of spherical core particles containing multiple copies of the six core proteins in a heterotypic complex.
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